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One of the most important problems in Physics 
is how to reconcile Quantum Mechanics with 
General Relativity. Some authors have suggested 
that this may be realized at the expense of hav- 
ing to drop the quantum formalism in favor of 
a more general theory. However, as the exper- 
iments we can perform nowadays are far away 
from the range of energies where we may ex- 
pect to observe non-quantum effects, it is diffi- 
cult to theorize at this respect. Here we pro- 
pose a fundamental axiom that we believe any 
reasonable post-quantum theory should satisfy, 
namely, that such a theory should recover clas- 
sical physics in the macroscopic limit. We use 
this principle, together with the impossibility of 
instantaneous communication, to characterize the 
set of correlations that can arise between two dis- 
tant observers. Although several quantum limits 
are recovered, our results suggest that quantum 
mechanics could be falsified by a Bell-type exper- 
iment if both observers have a sufficient number 
of detectors. 

At the beginning of the 21 s * century, one of the main 
goals of theoretical Physics is to come up with a theory 
that reconciles Quantum Mechanics and General Rela- 
tivity. Currently, there are several approaches in this 
direction, like String Theory £Q or Loop Quantum Grav- 
ity [2] • What most of these approaches have in common 
is that they take the mathematical structure of Quan- 
tum Mechanics for granted and then try to find a suit- 
able dynamics such that the resulting theory approaches 
General Relativity in some limit. The problem at stake 
is, thus, how to "quantize gravity". Such an approach 
may be condemned to fail, since it could very well be 
that Quantum Mechanics is not a fundamental theory 
of Nature, but an effective model, only valid within a 
specific range of energies. Indeed, some considerations 
about black hole evaporation suggest that certain axioms 
of Quantum Theory should be reexamined [3]. 

However, as the particle experiments we can perform 
nowadays are energetically very far from the Planck mass 
Tji p w 1.2 x 10 19 GeV/c 2 , trying to formulate a new can- 
didate beyond the quantum theory would be premature 
(although cosmological observations could also provide 
some insight). To solve the issue, different authors have 
suggested different alternatives. One approach, followed 
by Popescu and others (see, for instance, [HG2E]), is to 
derive general results that should apply to any physical 
theory fulfilling a set of reasonable axioms. 



It is agreed by most that the next candidate theory 
should prevent instantaneous communication between 
distant parties. If we take this as an axiom (the no- 
signaling principle), we can derive a set of restrictions to 
be satisfied by any physical theory compatible with it. A 
lot of properties of these theories are known: any non- 
local theory inside that set does not allow to replicate 
an unknown state [6], and it has to respect a specific set 
of uncertainty relations [5]. If the theories are non lo- 
cal enough (in particular, quantum theory), we can even 
have secret communication between distant parties [7] . 

Nevertheless, it seems that the no-signaling principle 
alone is not enough to prevent the existence of very "un- 
physical" theories. For that reason, several authors have 
considered that we could further restrict the set of al- 
lowed theories by adding more reasonable axioms to the 
no-signaling principle. That way, we have partial char- 
acterizations of the set of correlations allowed between 
distant parties in no-signaling worlds where the commu- 
nicational complexity is not trivial [5], or where the effi- 
ciency of random access coding is limited by the number 
of bits we are allowed to communicate classically [9| 110] . 

In this paper, we propose a new axiom we call macro- 
scopic locality. The idea behind this axiom is that any 
physical theory should recover classical physics in the 
continuum limit, (i.e., when a large number of particles 
are involved and our measurement devices fail to resolve 
discrete particles). We will show that this very intuitive 
axiom, together with the no-signaling principle, allows 
to recover many important results in quantum mechan- 
ics, like the universality of the Tsirelson bound, or the 
set of accessible two-point correlators. Moreover, we will 
provide a complete characterization of the correlations 
between two distant physical systems that arise out of 
both axioms and comment on its consistency. 

Although the set of possible correlations that can 
emerge out of these two principles is very similar to the 
quantum set, it is not identical. If we accept macro- 
scopic locality as a fundamental law, this implies that a 
deviation from Quantum Mechanics could in principle be 
detected via a Bell- type experiment. 



I. MICROSCOPIC AND MACROSCOPIC 
EXPERIMENTS 

Suppose that we have two space-like separated parties, 
say Alice and Bob, in regions A and B. In a microscopic 
experiment of nonlocality (see Figure 1), there is a micro- 
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FIG. 1: Microscopic experiment. If Alice and Bob re- 
peat an experiment many times, each time applying ran- 
dom interactions X and Y, they can compare their measure- 
ment outcomes, make statistics and obtain a set of proba- 
bilities P(a,b), the probability of detecting clicks in detec- 
tors D(a), D(b) when Alice applies an interaction X(a) and 
Bob applies an interaction Y(b). From now on, we will as- 
sume that the no-signaling condition holds, i.e., that, for 
any X, X' with X jt X' , J2 aex P(a,b) = £ agJf , P(a,b) = 
P{b), and, for any Y, Y' with Y £ Y', £b 6 r P(a, b) = 
Xl&ev" P( a i b) = P(ct). These two conditions just assert that 
Alice's choice of measurement setting cannot affect Bob's 
statistics and viceversa. Also, the set of marginal proba- 
bility distributions P(a, b) in general will not admit a lo- 
cal hidden variable model. This means that in some cases 
there will not exist a joint probability distribution for all 
2s possible measurements P(ci, C2 S ) such that P{a,b) = 
J2 c P(—,cx-i,a,cx+i,—,CY-i,b,CY+i,—)- 



scopic event in some intermediate region that produces 
a pair of particles. One of the particles of the pair ends 
up in region A, while the other one is received in region 
B. The moment the particles arrive at regions A and B, 
Alice and Bob will subject them to an interaction. And 
the nature of this interaction is going to determine with 
which probabilities the particles will collide with the de- 
tectors in Alice's and Bob's labs. 

We will identify the measurement settings of Alice and 
Bob with the particular interactions X and Y they sub- 
ject their corresponding particles. If Alice and Bob can 
each perform one out of s possible interactions, the mea- 
surement settings of Alice will be numbered from 1 to s, 
while Bob's ones will go from s + 1 to 2s. 

The particular detectors that click after the experiment 
will determine the measurement outcomes. To avoid a 
hypercomplicated notation, we will associate each mea- 
surement outcome c to a pair of symbols (Z,D), corre- 
sponding to the interaction Z performed during the mea- 
surement procedure and the detector D that received the 
particle. Outcomes corresponding to Alice's (Bob's) de- 
tectors will be denoted by a (6), and will belong to the set 
A (B) of Alice's (Bob's) possible outcomes. The applica- 
tion X(a) (Y(b)) will return the measurement setting X 
(Y) associated with that particular outcome, and D(c) 
will label the physical detector related to the outcome c. 

A microscopic experiment is completely characterized 
by the set of probabilities P(a, b) that Alice and Bob can 
estimate through statistical inference (see Figure [T]) . 

On the other hand, in a macroscopic experiment, a 
macroscopic event will produce, not a pair of particles, 



FIG. 2: Macroscopic experiment. Alice and Bob receive 
two particle beams, interact with them collectively and then 
take a record of the intensities measured on each detector. A 
macroscopic experiment implies restrictions on the physical 
states to be measured (N identical and independent copies of 
a microscopic state), on the possible interactions to be per- 
formed (identical microscopic interactions over all the par- 
ticles of each beam) and on the resolution of the detectors 
used (able to measure intensity fluctuations of order yN, but 
unable to resolve individual particles). 



but N of them, with N 3> 1. This time, therefore, Alice 
(Bob) will not receive a single particle at a time, but a 
beam of them. As before, Alice and Bob will be able to 
interact with these particles. However, they will not be 
able to address them individually, so, whatever micro- 
scopic interaction they intend to use, it will be applied 
to all the particles of the beam at the same time. As a 
consequence of those interactions, the initial beam will 
be divided into several beams of different intensity that 
will collide with Alice's (Bob's) detectors, as shown in 
Figure [2] a similar scenario was proposed in . 

Now we cannot associate measurement outcomes with 
clicks on a detector, since all detectors will click in each 
instance of the experiment. Thus in this scenario the 
measurement outcomes will be the distribution of inten- 
sities measured in each experiment. We will assume that 
the resolution of Alice and Bob's detectors does not allow 
them to resolve individual particles (i.e., we will be con- 
sidering the continuum limit). If the precision of their 
detectors is not very good, Alice and Bob will always ob- 
serve the same distribution of intensities, the intensity 
registered at detector D(a) being equal to NP(a). How- 
ever, if Alice and Bob have a resolution that allows them 
to measure changes in intensity values of the order \/N , 
each time they repeat the experiment, they will observe 
fluctuations around this mean value NP(a). 



II. MACROSCOPIC LOCALITY 

Under these conditions, we will say Alice and Bob's 
shared system exhibits macroscopic locality if the dis- 
tribution of intensities they can observe admits a local 
hidden variable model. More explicitly, if we denote the 
intensities measured by Alice's (Bob's) d detectors by Ix 
(Iy)i then Alice and Bob, through classical communi- 
cation, will be able to estimate the marginal probability 
densities P(Ix, W^dlxdly for each pair of measurements 



3 



X, Y. Their system will exhibit macroscopic locality iff 
there exists a global probability density P(Ii,I 2 , ...,I2 S ) 
that admits P{Ix > Iy)dIxdlY as marginals. That is, 



P(IxJy) = 




In a sense, by imposing macroscopic locality, we are 
demanding that the distribution of intensities observed 
during a macroscopic experiment can be explained by a 
classical model, ft is straightforward to generalize the 
notion of bipartite macroscopic locality to the multipar- 
tite case, i.e., to the case where more than two separate 
observers participate in an experiment. It is also clear 
that all classical (local) microscopic correlations remain 
local when driven to the thermodynamical limit. 

III. CHARACTERIZATION OF MACROSCOPIC 
LOCALITY 



(d\d\ ), where in the last step we used the fact that dif- 
ferent pairs of particles are uncorrelated. (dfiif ), in turn, 
can be easily expressed in terms of P(a, b). 

We have then that any set of microscopic correlations 
is mapped to marginal gaussian probability distributions. 
What we want to know is if this set of gaussian marginal 
probability distributions derives from a common proba- 
bility distribution. 

It is evident that, if such a global distribution exists, 
it should admit a positive scmidefinitc global covariancc 
matrix T, with r cc , = {I C I C '), for all c, d e A U B. That 
is, there must exist a matrix T > of the form 

w 

where the columns and rows of Q (R) are labeled by the 
elements of A (B) and P's rows are specified by elements 
of A and P's columns are specified by elements of B. The 
form of P is completely determined, and given by 



In this section we will show a simple characterization of 
the set of microscopic correlations that give rise to local 
macroscopic correlations. 

Our starting point will be to find a correspondence be- 
tween the original microscopic distributions P(a, b) and 
the final macroscopic probability densities we may ob- 
serve when we bring the experiment to a higher scale. 

Suppose now that Alice and Bob switch their interac- 
tions to X and Y, respectively, and define the microscopic 
observables df (d\) as equal to 1 when one of the particles 
of the pair i impinges on Alice's (Bob's) detector D(a) 
(D(b)) and otherwise. It is clear that the intensities 
measured by Alice or Bob in the detector D(c) will be 
proportional to 5Z i=1 d%. Here we are interested in the 
deviations of these intensities from their mean value, so, 
for simplicity, we will redefine these microscopic variables 
as 

d*=d°-P(c). (2) 

That way, (df ) = (d}) = 0, for all X(a) = X, Y(b) = Y. 
If we assume that Alice and Bob are able to measure 
fluctuations of the order y/N, it makes sense to normalize 
these fluctuations as 

f = V^. (3) 

According to the central limit theorem [T^], for TV — > 
co, the probability distribution governing the fluctua- 
tions of the intensities I c s will converge to a multivariate 
gaussian distribution, with mean and covariance ma- 
trix j XY given by = (PI C ') = ^^(^1 = 



P ab = P(a,b)-P(a)P(b), (5) 

whereas Q and R are only partially determined by the 
relations 



Q a ,a> = 6 aa ,P{a)-P(a)P(a'), if X{a) = X(a'), 
R b ,b> = S w P(b) - P(b)P(b'), if Y(b) = Y{b'). (6) 

This way, the matrices j XY defined above are submatri- 
ces of r. However, there are several entries of T that are 
not known, like, for instance, Q aa ', for X(a) =/= X{a'). 
Those would correspond to the correlations between in- 
tensity fluctuations corresponding to different settings, 
and, of course, we cannot measure them directly. How- 
ever, if there exists a global distribution compatible with 
the previous gaussian marginals, then there must exist a 
set of real numbers {Q a a',Rbb' ■ X(a) ^ X(a'),Y(b) ^ 
Y(b')} such that the overall matrix T is positive semidef- 
inite. The inverse relation also holds, for if such num- 
bers indeed exist, then there exists a global probability 
distribution from which all intensities arise, namely, the 
gaussian probability distribution with covariance matrix 
r and displacement vector. Therefore, we end up with 
a set of necessary and sufficient conditions that a set of 
microscopic correlations P(a, b) has to satisfy in order to 
generate local macroscopic distributions. 

As shown in the Appendix [A] it can be proven that the 
set of microscopic correlations characterized above actu- 
ally corresponds to the set of correlations Q 1 , introduced 
in |13j as a first approximation to the set Q of quantum 
correlations. We will therefore call it Q 1 along the rest of 
the article. The set Q 1 admits a very simple numerical 
characterization via semidefinite programming |13l I14j . 



IV. QUANTUM CORRELATIONS ARE 
MACROSCOPICALLY LOCAL 

Next we will prove that Q C Q 1 , that is, that all quan- 
tum correlations are compatible with macroscopic local- 
ity. 

Suppose that our macroscopic (gaussian) correlations 
arise from a quantum mechanical system in a state 
p = <j® N , where a is the microscopic quantum state de- 
scribing a single pair of particles. Then, following equa- 
tion (|3l, we can assign a hermitian linear operator I c to 
each of the intensity fluctuations, as measured in detec- 
tor D(c). Defining Y cd = tr(p{I c ,I c '} + )/2 (where {}+ 
denotes the anticommutator), we arrive at a real matrix 
of the form Q, with P,Q,R satisfying §5§, We will 
prove that such matrix is positive semidefinite. Let v be 
an arbitrary real vector. Then, 

v T Tv= 5> c r c ctV = tr{ P C^vJ c ){J2 v cI c ')) = 
= tv(pM A/ f ) > 0, (7) 

where M = M' = ^w c / c . Since v was arbitrary, this 
means that T is positive semidefinite and, therefore, all 
quantum-mechanical systems are macroscopically local. 
It is easy to extend this result to prove that quantum 
correlations are also local in the multipartite case. How- 
ever, the characterization of all possible microscopic cor- 
relations (quantum or not) compatible with nonlocality 
in the case of more than two observers seems a bit more 
complicated. For instance, in the case of three parties, we 
would not only have to impose macroscopic locality over 
the tripartite correlations P(a, b, c), but also over the con- 
ditional bipartite microscopic correlations P(a,b\c) that 
would result if party C announced its measurement out- 
come. 
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FIG. 3: Wiring. In [T7], the authors showed that there exist 
some sets of correlations P(a, b) very close to local from which 
extremely nonlocal correlations can be derived, provided that 
both parties have access to many copies of the given physical 
system. The key is to generate a new effective set of cor- 
relations by measuring the n systems sequentially, each time 
applying a measurement setting dependent on the (local) out- 
comes of the previously measured subsystems and our effec- 
tive (local) measurement setting. Once all subsystems have 
been measured, the effective outcome of our virtual subsystem 
is then taken to be a function of all (local) measurement re- 
sults. This process is known as wiring. Above, you can see an 
example of deterministic wiring of two physical systems: the 
effective measurement X (Y) of Alice's (Bob's) is applied over 
the first system, giving an outcome a± (&i), while the interac- 
tion to be applied over the second subsystem is a function of 
both X and a\ (Y and &i). Labeling the second outcome by 
a 2 (fo), the effective outcome of the whole scheme is a func- 
tion of a\,a,2,X (&i,&2,F). Note that, by definition, wiring 
is local, i.e., it does not require communication between Alice 
and Bob. 



V. CLOSURE UNDER WIRING 



The mechanism of using a set of independently corre- 
lated systems to generate a new single effective system 
of microscopic correlations (by conditioning the measure- 
ment settings of some systems on the measurement out- 
comes of some others) is called wiring (see Figure |3|, 
and we will denote it by W. Since it can be used to in- 
crease locality violations [17], wiring poses a problem to 
our previous derivation of the set of correlations compat- 
ible with macroscopic locality. In principle, it could be 
possible that Alice and Bob shared two systems of micro- 
scopic correlations P(a,b),Q(a,b) £ Q 1 , that, through 
some clever wiring W, allowed to generate a new set of 
correlations R(a,b) — W(P,Q) £" Q 1 . Any theory com- 
patible with macroscopic locality could not therefore ad- 
mit both sets of correlations, and a detailed classification 
of such theories would be very complicated. Or worse, 
it could also happen that, even though P(a,b) £ Q 1 , 



yV{P® n ){a,b) <£ Q 1 . P(a,b) should thus not appear in 
any consistent theory compatible with macroscopic local- 
ity, and we would have to reconsider our definition of Q . 
This possibility is ruled out by the next result: 



The set Q 1 is closed under wiring. That is: let {Pi}™ =1 
be any set of n microscopic behaviors, such that Pi £ 
Q 1 for all i = l,...,n, and let W(Pi, P2, ■■■) denote the 
effective set of correlations that results after some wiring 
of such behaviors. Then, W(Pi,P 2 , ■■■) £ Q 1 - 



For a proof, see Appendix [B] 
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VI. THE LIMITS OF MACROSCOPIC 
LOCALITY 

Given a measurement Z, we can always define an ob- 
servable Oz by associating each possible measurement 
outcome c of such measurement with a real number 
Oz(c). Given a measurement X by Alice and a mea- 
surement Y by Bob, the two-point correlator of Ox, Oy 
is given by 



(O x O Y )= Yl P(a,b)O x (a)0 Y {b). (8) 



Exy 

a.beX,Y 

Suppose that we are in a scenario where k 



= d = 

A B 



(with the measurement settings ordered as 12 34 ), 
and consider the set of observables {Oz}%—i, with spec- 
trum {—1, 1}, that is, such that Oz : c — * {1, —1}, for all 
c e Z. Then, the CHSH parameter [15] can be written 
as 



E? 



(9) 



It is well known that, for any set of local correlations, the 
value of S satisfies \S\ < 2, whereas in the quantum case 
|5| < 2v2> the famous Tsirelson bound [16]. Moreover, 
both inequalities can be saturated. 

In [13] . it was shown that the maximum value of \S\ 
in macroscopically local theories is also 2v2. Moreover, 
any set of correlators {E13, E23, En, E24} arising from a 
macroscopically local theory admits a quantum represen- 
tation, and therefore has to satisfy the Tsirelson-Landau- 
Masanes inequalities [T51 IT9"1 12D] 



^ arcsin(i?xy) 

X,Y 



2arcsin(E X 'y')l < n,VX',Y'. (10) 



The previous results can be easily extended. It can 
be shown that, for d = 2 and an arbitrary number of 
measurement settings s, any set of two-point correla- 
tors {Exy}x=i,...,s,y= s +i,..,2s arising from correlations 
exhibiting macroscopic locality can also be simulated in 
a quantum system. See Appendix [C] for a proof. 
However, not even when s = d = 2 the set of two-point 
correlators does contain all the information about the dis- 
tribution P(a,b). A little thought will convince us that, 
in order to recover the whole set of probabilities P(a, b), 
we also need to know the value of the one-point correla- 
tors E z = {Oz)- In general, one would have to resort to 
numerical methods to characterize the set of one-point 
and two-point correlators compatible with macroscopic 
locality. In [13], though, it was found that, for the case 
s — d — 2, such a set is completely specified by the con- 
straints |2"51: 



I axcsm{Exy) - 

X,Y 



-2arcsin(£7x'Y')l < n,VX',Y', (11) 
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FIG. 4: Departure from Quantum Mechanics. As the 

CHSH parameter, the CGLMP parameters [22] are linear 
functions Sd on the probabilities P(a,b), to be applied over 
scenarios with s = 2 and arbitrary d, and, as the CHSH pa- 
rameter, the maximum possible value of these functions under 
the assumption of locality is 2. The plot above shows the dif- 
ference between the maximal possible value of Sd inside Q 
as well as inside Q 1 as a function of d (where the numerical 
data were taken from |13|h At first glance, there seems to be 
room for a wide variety of macroscopically local theories other 
than quantum mechanics. This suggests that, if our universe 
happened to be described by one of these, we might be able 
to experimentally falsify quantum mechanics with a sufficient 
number of detectors. 



where E XY = (E XY - E x E Y )/yf(l 



El){\ 



El). 



3 J(A' - ^Y) 

From (111, we can see that, although 2y2 is the maxi- 



mum violation of the CHSH inequality, there exist macro- 
scopically local distributions that attain this value, but 
nevertheless are slightly unbiased (i.e., Ez 7^ 0, for some 
Z). Such distributions, therefore, arc not compatible 
with a quantum theory of nature |21j . So even in this 
simple scenario, we can see that the inclusion Q C Q 1 is 
strict, although in this case both sets are extremely close. 

The similarities between Q 1 and Q decrease, though, 
as we increase the number of available detectors d, as 
shown in Figure [4] This opens the possibility of dis- 
proving quantum mechanics in the future via a Bell-type 
experiment. 



VII. DISCUSSION 

In this article, we have introduced a new physical prin- 
ciple, macroscopic locality, and considered its implica- 
tions, together with no-signaling, as a fundamental law 
of nature. We have identified the set Q 1 of bipartite cor- 
relations that can arise in theories limited by the former 
two axioms, and commented on its differences and simi- 
larities with standard Quantum Mechanics. 
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However, nothing has been said about the dynamics of 
such postquantum theories. Actually, a promising line of 
research is to try to extend our up-to-bottom approach to 
restrict the set of microscopic theories that recover Gen- 
eral Relativity in some macroscopic limits. This could 
be of high importance, since it would allow to make 
model-independent astrophysical predictions, based more 
on general axioms confirmed by observation than on cur- 
rent theoretical fashions. 

It also remains to know how our world would behave 
if it did admit correlations slightly beyond the set Q 1 . 
Would this have negligible experimental consequences, 
or on the contrary, could we "distill" those correlations 
somehow in order to obtain arbitrary violations of macro- 
scopic locality? And, even if we could not, would the 
mere existence of deviations from macroscopic locality 
lead to a drastic change in our understanding of the uni- 
verse? 
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APPENDIX A: Q 1 IS THE SET OF 
MACROSCOPICALLY LOCAL CORRELATIONS 

Using the terminology of [13], Q 1 corresponds to the 
set of all correlations that admit a positive semidefinite 
certificate of order 1. This means that P(a, b) S Q 1 iff 
there exists a positive semidefinite matrix 7 of the form 



1 Pi Pi 
- = I P A Q P t 
Pb P R 



(Al) 



where Pa (Pb) is the vector of probabilities P(a) (P(b)). 
Here P is a matrix whose columns are numbered by Al- 
ice's outcomes a and whose rows are numbered by Bob's 
possible outcomes b, and such that P a b = P(a,b). The 
entries of Q (with rows and columns numbered by Alice's 
measurement outcomes) and R (with rows and columns 
numbered by Bob's measurement outcomes) are partially 
determined by the relations 



<5 QQ -P(a) if X(a) 



X(a'), 

Rw = S w P(b) if Y(b) = Y(b'). 



(A2) 



The matrix 7 is very similar to the matrix T whose 
positivity was equivalent to macroscopic locality. The 
latter (see the main article) was defined as a matrix of 
the form 



where P„ 



r _ Q P 

1 -\P T R 
P{a,b) - P(a)P(b), and 



(A3) 



Qa,a> = 5 aa ,P(a)-P(a)P(a / ), if X{a) = X{a'), 
R b .b> = 8 w P{b)-P{b)P{b'), if Y{b) = Y(b'). (A4) 

The proof that Q 1 is equivalent to the set of macro- 
scopically local correlations follows directly from Schur's 
theorem [23"] : 

Theorem 1. Let H be a matrix of the form 

H=(*t F g ), (A5) 
such that E>0. Then, H > iff G - F T E~ 1 F > 0. 



Let us apply this theorem to expression (All. Since 
1 > 0, the positivity of 7 is equivalent to the positivity 
of 







■(g) 









{P T a-P T b)- 



(A6) 



The reader can check that the last expression is equal to 
r. To go from one positive semidefinite matrix to the 
other is thus enough to change the undetermined coeffi- 
cients of the corresponding matrix according to the rule 



Qaa' — Qaa 
Rbb' = Rbb' 



-P(a)P(a'), 
P(b)P(b'). 



(A7) 



The equivalence between Q 1 and the set of all micro- 
scopic correlations that give rise to local macroscopic cor- 
relations has been proven. 



APPENDIX B: CLOSURE UNDER WIRING 

When Alice or Bob perform wiring over their subsys- 
tems, the effective measurement setting X of the result- 
ing set of correlations is to be identified with the par- 
ticular measurement strategy they choose at this respect. 
For example, if Alice and Bob share three systems with 
s = d = 2, a measurement strategy for Alice could be 
as follows: Alice measures her first system with setting 
1. If the outcome is —1, she measures her second system 
with setting 2. On the contrary, if the outcome of her 
first measurement is 1, she measures her third subsys- 
tem with setting 1. Finally, the outcome of her second 
measurement will correspond to the measurement to be 
implemented in the remaining system. The effective out- 
come of her virtual box will be the output of the last 
system measured. 

There are two interesting things to point out here: 
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1 . The order in which the systems are measured is not 
a priori determined. 

2. Alice is not using all the information she has gath- 
ered in order to come up with a final outcome. Note 
that there are several ways in which she can arrive 
at, say, effective result 1. If Alice wanted to keep 
all the information received after applying her mea- 
surement strategy, she would have to establish a 
bijective correspondence between her effective out- 
comes and the physical outcomes of the three sub- 
systems. In short, for each effective measurement 
Z, there should be 8 different effective possible out- 
comes instead of only 2. 

If, for whatever measurement strategy, Alice labels the 
effective outcome by the outcomes of all her measured 
subsystems, we will say that Alice is performing a com- 
plete measurement. 

To prove that Q 1 is closed under wiring, we will need 
the following trivial lemma. 

Lemma 2. Closure under identification of outputs 
Let P{a,b) G Q , and let Q(a,b) be the new set of cor- 
relations that arises when Alice and Bob identify several 
of their measurement outcomes, i.e., when Alice and Bob 
relabel the possible outcomes of some measurements in 
such a way that two or more different outcomes will have 
the same label. Then, Q(a,b) G Q 1 . 

Proof. Suppose, for simplicity, that Alice has just identi- 
fied the outcomes a and a' of measurement X. If we prove 
that the resulting distribution Q{a, b) is macroscopically 
local, then, by induction, we can arrive at any possible 
identification of outputs of both Alice and Bob. 

Now, let P(I a , I a ', lA\{a.a'}i I b) be a local hidden vari- 
able model for the intensities registered by Alice and Bob 
when they bring P(a, b) to the macroscopic scale. If, un- 
der the new wiring, a is identified with a', it is straight- 
forward that the new outcome will give rise to an in- 
tensity I & = I a + I a >, and therefore a hidden variable 
model for Q(a,b) will be given by Q(h, Ia\{h}, Ib) = 

J dIP{I- a - 1,1,1 A \ {a , a > } ,T B )- □ 

We are now in a position to prove that Q 1 is closed 
under wiring. Suppose that Alice and Bob share n in- 
dependent (and, in general, different) physical systems 
{Pi(a, 6)}" =1 such that Pi e Q 1 , for all i = 1, ...,n. 

The above Lemma implies that, in order to prove that 
any wiring of {Pi}™ =1 leads to a macroscopically local dis- 
tribution, it suffices to restrict Alice and Bob to perform 
strategies where all subsystems are measured and the ef- 
fective outcomes a, b are given by the vectors of outcomes 
of the n systems. That is, a — (a(l), a(2), a(n)), b = 
(a(l), a(2), a(n)). We can also restrict to determin- 
istic strategies, since any non deterministic strategy can 
be modeled by adding an extra system that outputs local 
random symbols according to a given probability distri- 
bution. 



As we saw in the previous section, if Pi G Q 1 , ther e 
exists a positive semidefinite matrix j l of the form ( Al I. 



On the other hand, for any positive semidefinite matrix H 
there exists a set of vectors {v*k}k such that Hki = Vk ■ vi 
|23j . Perform such a decomposition over the matrices 
{7*} in order to obtain the vectors vl, where c can be 
either the symbol I (corresponding to 7^ = 1, for exam- 
ple) or a measurement outcome a, b in system i. Define 
the vector wi = v\, and, for any outcome a (b) of 

any strategy X (Y) of Alice's (Bob's), define the vectors 
= ®r=i4(i) (™5 = ®"=i^5(i))- :t is straightfor- 
ward to see that the matrix 7 Ec > = w s ■ w-, is positive 
semidefinite. We will show that this matrix is, indeed, a 



certificate of order 1, i.e., a matrix of the form ( Al I, for 
the new set of correlations P(a,b). 
First, 



Pab = Wa ■ W- b = Y[ Va(^ ' $ 



i=l 



Lb, 



a(i)b(i 



JJp(a(i) ) 5(<))=P(a,6), (Bi) 



i=l 



as it should be. In an a nalogous way, we can see that the 
vectors Pa,Pb m (All are recovered, and that Q a , a — 
P(a), Rn = P(b). Ofcourse, 711 = IT 



i=i 



= 1. 



It only rests to see that Qa.a' — when a ^ a' and 
X(a) = X(a'), and the analogous relation for R. 
Note that, because Alice's strategies are complete, de- 
spite the order of the measurements is not a priori known, 
the "measurement path" leading to two different effec- 
tive outcomes a, a' corresponding to the same measure- 
ment strategy X is identical from the beginning until one 
of the physical measurements performed ends up with 
a different outcome. This means that there exists an i 
such that a(i) ^ a'(i) but X{i){cn) — X(z)(q ^), a nd so 



a(z) ^a'(i) 



= 0. This implies that relations (A2| hold 



completely. 

The new set of correlations P(a, b) thus obeys macro- 
scopic locality. 



APPENDIX C: ANY SET OF TWO-POINT 
CORRELATORS ACCESSIBLE IN Q 1 ADMITS A 
QUANTUM MECHANICAL MODEL 

Consider an s, d bipartite scenario, with d > 2, and 
define a set of observables {Oz}| s = i, with spectrum 
{ — 1, 1}. As before, Exy will denote the two-point cor- 
relator of Ox 7 Oy, i.e., Exy = (OxOy). 

What we are going to prove next is that, for any 
set {E X y}x.y arising from P(a,b) G Q 1 , there exists 
a quantum state p G B(Ha <£> T^b) and a set of her- 
mitian operators {Ox G B(Ha),Oy € B(Hb)}, with 
spec(O x ,Oy) = {-1, 1}, such that E x .y = tv{pd x O Y ). 

First, notice that, if there exists a local hidden variable 
model for all macroscopic variables of the form I a ,Ib, 
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then there exists a local hidden variable model for the 
variables I z = Y,cez°z(c)I c - 

Since they are a linear combination of gaussian vari- 
ables, these variables are gaussian, with a positive 
scmidcfinite covariance matrix T, with V xy = {IxW) = 
(O x O Y ) - (Ox){O y ), and T zz = <0|) - {O z ) 2 . Taking 
into account that (0|) = 1, we have that 



where Fxx = Gyy = 1 for all indices X, Y and 
(E)xy = Exy are the two-point correlators of Ox,Oy 
defined above. The fact that the matrix on the left hand 



side of equation (CI I is positive scmidcfinite, implies that 



there exists a quantum mechanical system able to repro- 
duce the correlators Exy [24] - 



F E 
E T G 



= r 



(Oi) 

(o 2 > 



((0i)> (02/) •■■) > r > 0, rp n j g p r00 f can k e extended trivially to deal with the 

case of two point correlators originated by observables 
(CI) whose spectrum is in [1,-1], instead of being {!,—!}. 
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